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Localization effects on recombination dynamics in InAs/InP self-assembled
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We have studied the temperature dependence of the photoluminescence of a single layer of InAs/
InP(001) self-assembled quantum wires emitting at 1.5 lm. The non-radiative mechanisms
responsible for the quenching of the emission band have been identified. The exciton dynamics has
been investigated using time resolved photoluminescence measurements. The results have been
explained through the interplay between free excitons and localized states (arising from size
fluctuations in the quantum wires).VC 2011 American Institute of Physics. [doi:10.1063/1.3660260]
I. INTRODUCTION
InAs/InP(001) self-assembled quantum wires (QWRs)
have received considerable attention in the last years due to
their strong luminescence bands at spectral windows relevant
for fiber based optical telecommunications.1 The fine control
of Stranski-Krastanov epitaxial methods allows tailoring the
QWRs height and composition, and thus their emission
energy, making possible their integration in novel devices.2,3
Moreover, the QWR area density can be reduced sufficiently
to enable the optical investigation of isolated nano-struc-
tures.4 One of the most promising semiconductor technolo-
gies arises from the combination of the light confinement
characteristics of photonic crystals (PhCs) and the light
emission capabilities of semiconductor nanostructures. The
spontaneous and stimulated emission properties of quantum
wells (QWs), quantum wires, and quantum dots (QDs)
embedded in PhC microcavities have been reported.5 As a
result, the use of PhC technology merged with nanostruc-
tures has allowed a great enhancement of the electro-optical
properties of semiconductor based devices like larger inte-
gration capacity, higher modulation rates, lower threshold
laser operation, etc. From the fabrication point of view,
embedding nano-structures into a PhC micro-cavity usually
requires modifications of the grown process since the epitaxy
structure must be adapted to the cavity design. For example,
in the case of self-assembled InAs/InP QWRs requires the
deposition of a wide film of InGaAs before the InP slab.
In addition to these technological details, the exciton dy-
namics of the quantum emitters embedded in a photonic de-
vice should be precisely known for optimizing the device
capabilities. In the case of QWRs, the radiative lifetime of
an ideal 1D nano-structure is theoretically proposed to vary
as the square root of the temperature.6 Such behavior has
been experimentally observed in V-groove GaAs QWRs
presenting lifetimes around 300 ps at low temperatures
(T< 60K).7 However, in many other experiments, the exci-
ton recombination takes usually more than one nanosecond
and deviates severely from the ideal behavior. These devia-
tions are usually attributed to morphological and composi-
tional fluctuations at the QWR interfaces and thus to
confinement disorder and localization effects. In these cases,
it can be demonstrated that, the exciton population is not
thermalized and the photoluminescence (PL) decay transi-
ents are strongly affected by the presence of localized
states.8 Meanwhile, at high enough temperatures, the ideal
square-root-like behavior can be partly recovered at the
same time the weakly localized excitons are thermally pro-
moted to the free exciton state.
In the present work, we study the recombination dynam-
ics of InAs QWRs emitting around k¼ 1500 nm and embed-
ded in a k/2 InP slab. Our goal is to establish which aspects
might be relevant for the control of spontaneous and stimu-
lated emission in such systems. Indeed, the slab was grown
on top of a 700-nm-thick InGaAs sacrificial layer in order to
be used in future photonic crystal devices. On one hand, we
show that the emission energy and optical quality of the
QWRs have been not affected by the deposition of the sacri-
ficial layer. On the other hand, we determine the radiative
lifetime of our QWRs and the role played by exciton local-
ization centers.
II. SAMPLES AND EXPERIMENTAL SETUP
The sample was grown by solid source molecular beam
epitaxy (MBE) on InP(001). The InAs nanostructures were
formed by the Stranski-Krastanov method depositing 1.7
monolayers (MLs) of InAs at a substrate temperature of
515 C with a growth rate of 0.1 ML/s. Due to the aniso-
tropic character of the elastic relaxation in this system,
QWRs arrays are naturally arranged along the [1-10] crystal
direction as explained elsewhere.9 Figure 1 shows an atomic
force microscopy (AFM) image of an uncapped sample
which exhibits a typical QWR width and height of 11 and
3.2 nm forming quasi-periodic structures (with pitch period
around 18 nm). The QWRs are located at the center of a 237-
nm-thick InP slab which was deposited onto a 700-nm-thick
In53Ga47As sacrificial layer grown on InP (001) substrate.
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The sample was held in the cold finger of a closed-cycle
cryostat operating between 12 and 300K. The PL experi-
ments were carried out exciting the sample just below the
InP absorption band edge by means of a 980 nm pulsed laser
diode with a repetition rate of 40MHz and pulse width
around 100 ps. The excitation light was focused using a
100mm focal lens (1 in. diameter) arriving at the sample sur-
face with an incidence angle close to 30 with a spot size of
12 lm. The emitted light was collected by means of a large
focal length microscope objective, dispersed by a 0.5m focal
length spectrograph, and detected with an InGaAs Peltier
cooled photodiode array in order to obtain the PL spectra.
For the PL transient acquisition, the optical signal was dis-
persed by the same spectrograph but detected by an InGaAs
avalanche photodiode. Decay curves were recorded using
standard time correlated single photon counting techniques
with an overall time resolution around 50-100 ps, depending
on the optical intensity and the integration time.
III. RESULTS AND DISCUSSION
Figure 2(a) shows the PL spectrum of our QWRs at 30
and 12K. The PL is studied at 30K in order to compare with
the results previously published by Alen et al.10 At this tem-
perature the PL consists of a broad band centered at 1460 nm
(0.85 eV). Such emission band can be decomposed into sev-
eral Gaussian subbands, each one corresponding to the emis-
sion of QWRs with different heights. In the present sample,
four QWR height families are identified (labeled from P1 to
P4) which appear superimposed with the background emis-
sion of the InGaAs sacrificial layer. At 12K (grey shadowed
spectrum), the sacrificial layer exhibits an intense emission
between 0.77 and 0.79 eV, accordingly with the Indium con-
tent of the InGaAs alloy,11 which rapidly disappears with the
temperature increase giving rise to the low energy tail
observed at 30K. The emission energy difference between
two consecutive families is consistent with a height change
of 1 ML. In fact, we can attribute the emission peaks P1-P4
to QWRs with heights of 8, 9, 10, and 11 ML, as done in pre-
vious works on InAs QWRs grown on InP buffers.12 This ob-
servation confirms that the optical and the structural
properties of the present sample are not affected by the pres-
ence of the InGaAs sacrificial layer below the QWRs. About
the integrated optical intensity, all the peaks are not affected
by temperature in the same way. Indeed, the behavior of
each family during the temperature evolution is related to
different loss mechanisms. This fact is illustrated in Fig. 2(b)
where the integrated intensities of each component have
been represented. While the PL intensity of P2 and P1 stays
constant or even increases slightly below 70K, the PL inten-
sity of families P3 and P4 exhibit a continuous decrease
from very low temperatures. The data of P3 and P4 fit with
an expression containing two Boltzmann-type quenching
mechanisms:13
IðTÞ ¼ Ið0Þ
1þ sd G1 exp  E1kT
 þ G2 exp  E2kT   ; (1)
being I(0) and sd the optical intensity and the radiative
recombination time at T¼ 0K, while G1 and G2 are the scat-
tering rates associated to the thermally activated carrier loss
with activation energies E1 and E2, respectively. During the
fitting, the values of I(0) and sd for the different components
are fixed to their PL integrated intensities and decay times
obtained at T¼ 12K. Fitting the experimental data to
FIG. 1. (Color online) AFM image of an uncapped sample of InAs/InP self-
assembled QWRs.
FIG 2. (Color online) (a) The PL spectra of the QWRs emission at 12K
(grey solid filling) and 30K (sparse red line filling). (b) Arrhenius plots cor-
responding to the families P1-P4, the experimental values obtained for P2,
P3, and P4 are fitted to expression (1) and for P1 to expression (2),
respectively.
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Eq. (1), we can find activation the energies represented in
Table I. Below 100K, the weak decrease of the PL integrated
intensity for P3 and P4 is associated to a non-radiative mech-
anism with activation energy E1¼ 12meV. This carrier loss
mechanism could be ascribed to the thermal emission of
electrons to impurity centers at the InP barrier or at their mu-
tual interfaces (or other kind of defects close to the
QWRs).14 Above 100–120K, the optical losses are deter-
mined by a second non-radiative mechanism, with activation
energies in the range 200-230meV. These values are well
below the energy necessary for the thermionic emission of
confined excitons, but as previously reported, it would be
consistent with a unipolar escape of electrons.10
As afore mentioned, the temperature evolution of the
integrated optical intensity at families P1 and P2 is slightly
different. In spite of this fact, the data of family P2 are also
fitted to Eq. (1) but just considering the unipolar escape with
activation energy E2¼ 220meV. This is explained by a neg-
ligible contribution of the lower activation energy mecha-
nism (i.e., G1 0) as deduced from the near constant
variation of the integrated intensity in the Arrhenius plot
below 100K. As a difference with respect to the other com-
ponents, in family P1 it is required a carrier feeding mecha-
nism to fit the experimental data below 100K. For this
reason, the family P1 is fitted by means of next expression:
IðTÞ ¼ Ið0Þ
1þ sdG2 exp  E2kT
  1þ A
1þ 1a exp E3kT
 
" #
: (2)
The parameter A accounts for the carrier population ratio
being transferred towards the QWRs, whereas a is the ratio
between the injection rate of such carriers and the radiative
recombination rate of excitons at family P1. The activation
energy of this transfer mechanism is represented by E3. The
PL quenching mechanism at high temperatures is again very
similar to the observed in the other families, E2¼ 240meV,
while for the transfer process an activation energy of
E3¼ 31meV is obtained. On one hand, this activation energy
would not fit with the more common transfer mechanisms, as
for example from smaller QWRs. On the other hand, the
value of the activation energy is close to the gap between the
P1 component and the PL peaks of the InGaAs sacrificial
layer. For this reason and having into account that such
transfer mechanism has been not observed in samples
without sacrificial layer, this gain might be associated to a
possible injection of carriers starting from the InGaAs layer
through deep impurity levels present in the InP and resonant
with the P1 component.
The time resolved experiments are essential to support
the above given assumptions and hence for reaching a realis-
tic understanding of the exciton dynamics occurring in our
QWRs. As discussed in the following, due to the complex
system merging localized and free states, the exciton dynam-
ics of our QWRs will be strongly dependent on the measure-
ment conditions: excitation power, emission energy, and
temperature. The effect of the excitation power is typically
observed as a reduction of the PL decay time at very high
powers. In order to avoid power effects, the lifetime charac-
terization is performed at the low power regime (600lW of
irradiated power at 980 nm wavelength, below the InP band
edge). As a result, the time resolved measurements were
obtained as mono-exponential transients instead of the more
complex decays reported for the high power regime.4,15 For
instance, in Figure 3(a), a typical PL transient is shown for
QWRs of family P1 (0.827 eV) at 12K. The decay of the op-
tical signal is accompanied by the system response for the
laser excitation. As shown in the figure, a mono-exponential
decay function (red continuous line) is used to fit the experi-
mental curve after convolution with the system response, in
shadow.
The PL decay time dependence on the emission energy
is illustrated in Figs. 3(b)–3(c) for two different tempera-
tures. At 12K, the decay time increases from 1.4 up to 2 ns
in the emission energy range from 0.825 to 0.94 eV. Such
tendency can be explained by taking into account the influ-
ence of electron-wavefunction spill-over effect: in smaller
QWRs (higher emission energies), the electron wavefunction
is extended out of the QWR (through the InP barrier), while
the hole-wavefunction is mainly confined at the QWR, see
Ref. 16. As a result, it is produced a noticeable reduction of
the electron-hole wavefunction overlap that leads to an
increase of the exciton lifetime (as reported for QWs and
QDs (Ref. 17)). Since at low temperatures, the localized
excitons dominate over the free ones, we can conclude the
spillover effect applies for localized electrons too. At higher
temperatures, the decays become a bit slower. For instance
at 80K, the lifetimes vary from 1.7 to 2.6 ns, see Figure 3(c).
In this figure, we can distinguish two different behaviors: at
the low energy region of the 80K spectrum (coinciding with
families P1 and P2), the decay time is still increased with the
emission energy. On the other hand, above 0.85 eV (families
P3 and P4), the lifetime decreases with the emission energy.
Consistently with the Arrhenius plots, this lifetime reduction
is associated the non-radiative mechanisms.
In order to present a better description of the exciton dy-
namics, the lifetime evolution with temperature has been
studied from 12 to 200K, see Fig. 4. The results point out
that the different behavior of families P1 and P2 with respect
to P3 and P4 is mainly produced by the loss mechanisms
previously identified which mainly affects families P3 and
P4. But the square root dependence on temperature expected
for ideal 1D QWRs is not reproduced by any family. Indeed,
the behavior shown by families P1-P3 contains qualitative
coincidences with works studying localization effects in
nano-structures.8,18,19 Among these works, we have selected
the model proposed by Lomascolo et al., since through this
model, the lifetime evolution with temperature is described
TABLE I. Experimental data and best fitting parameters of the PL
integrated intensity at the different families (PL-Gaussian components) to
Eqs. (1) and (2), respectively.
Component I(0) sd (ns) G1 (ns
1) E1 (meV) G2 (ns
1) E2 (meV)
P1 4900 1.56 – – 4 106 240
P2 11750 1.56 – – 106 220
P3 9960 1.64 1.4 11.7 25 105 231
P4 1470 1.93 4.4 11.5 >106 >200
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by means of parameters representative of our self-assembled
QWRs.20 In fact, fitting the data in Fig. 4 to the next expres-
sion we are going to estimate the localization energy and
density of localization centers of the QWRs studied in the
present sample:
sradðTÞ ¼
ND exp
EL
kT
 þ 2Mk
h2p2
 1=2 ﬃﬃﬃ
T
p
ND exp
EL
kT
 þ 1s0 2ME0h2p
 1=2 : (3)
In this expression, srad(T) is the radiative recombination
time, s0 is the intrinsic radiative lifetime, and sL is the life-
time of localized excitons. The localization energy and the
effective linear density of localization sites are represented
by EL and ND, respectively. E0 is the energy related to
the center-of-mass exciton wavenumber K0. For InP,
K0¼ 1.3 107m1 (considered emission wavelength of
1500 nm and InP refractive index equal to 3.1) and M the
total exciton mass (we have used the value given by
Andreani et al. for InGaAs QWs, M¼ 0.18m0 (Ref. 21)).
Given that M can be slightly different for excitons in InAs
QWRs (due to a different valence band mixing), our results
should be taken for a realistic, but semi-quantitative discus-
sion. In the case of families, P1 and P2, we observe an
increase of the PL decay time by more than a factor 2, as
shown in Figs. 4(a)–4(b). Above 140-160K, the PL decay
decreases quickly because of the unipolar escape of electrons
to the InP barrier. In contrast, we observe a PL decay time
practically constant up to 50–60K for family P4 and a weak
increase up to 110K for family P3, Figs. 4(c)–4(d). From
these results, we can conclude that for families P1 and P2,
the PL decay time is mainly radiative. In contrast, to fit the
results from families P3 and P4 to Eq. (3) the non-radiative
effects must be taken into account:
1
sd
¼ 1
srad
þ 1
snr
; (4)
IPLðTÞ ¼ Ið0Þ sdðTÞsradðTÞ ; (5)
where snr stands for the non-radiative recombination time
associated to the electron loss at low temperatures and
IPL(T)/I(0) accounts for the PL intensity decrease. After cal-
culating the radiative lifetimes, the best fitting parameters to
Eq. (3) can be qualitatively compared (Table II). As
expected, the values obtained for s0 are larger than the values
reported for GaAs V-grooved QWRs (see for example, Ref.
22) which is indicative of the different wavefunction for con-
fined excitons. The lifetimes obtained for localized excitons
(sL) are practically the values of the PL decay times meas-
ured at 12K consistently with their larger contribution at low
temperatures. The value of sL increases from 1.5 to 1.9 ns for
families from P1 to P4, respectively. As aforementioned, this
behavior is attributed to the spill-over effect of the electron
wavefunction, demonstrating this way that, it occurs for both
free and localized excitons. The exciton localization energies
deduced for our QWRs, EL 8-16meV (Table II), suggest
that localization effects would be considerably larger than
those reported in the GaAs/AlGaAs system.19,20 This result
can be compared with structural characterization studies:
many elongated QWR defects sometimes more than 500 nm
long (zones where the height is different than the average)
are typically measured by AFM characterization.12 Along
the QWRs, there are also observed width fluctuations extend-
ing 100–150 nm in average. By considering the emission
energy differences between the different families, we can
estimate localization energies in the order of 30meV for
height fluctuations around 1 ML, while we expect localiza-
tion energies close to 12meV considering the inhomogene-
ous broadening produced by the wire width fluctuations. Let
notice that the localization is produced if the dimensions of
the defect are comparable with the Bohr radius (smaller than
40 nm for bulk InAs), in such a way that the magnitude of
FIG. 3. (Color online) (a) System response (in shadow), low temperature
PL transient at 1500 nm for family P1 (red dots) and best mono-exponential
fit (red continuous line). PL decay time as a function of the emission energy
(red spheres) and the corresponding PL spectrum (black continuous line)
recorded at 12K (b) and 80K (c).
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the fluctuations determines the localization energy. In this
sense, the elongated height fluctuations observed by AFM
can be considered as independent QWRs given the finite
extension of the exciton along the wire axis. In contrast,
even the largest width fluctuations observed, i.e., 150 nm,
could be responsible of certain localization phenomena. The
density of localization centers deduced in the present work
(listed in Table II) varies from 7 to 11 lm1 for families P1-
P3 (even with an important relative error), which suggests a
separation between defects around of 90–140 nm, in agree-
ment with the AFM data. From this result, we can conclude
that exciton localization effects can be mainly ascribed to
wire width fluctuations.
The optical properties and exciton recombination dy-
namics in InAs QWRs has been discussed in the present
sample bearing in mind its role as active medium in future
photonic devices. In this sense, the presence of a sacrificial
layer below the QWR layer does not affect the emission
properties of the QWRs, as compared to previous published
results when they are grown onto a thick InP buffer. Particu-
larly, the observed PL quenching is characterized by a low
loss behavior at intermediate temperatures (below 140K) for
families P1 and P2, which is important for laser design. In
addition, the determination of the linear density of exciton
localization centers suggests a moderate density of defects
and the recombination dynamics is dominated by free exci-
tons above 40–50K. In this way, we could set the optimum
temperature for the operation of devices based in QWRs
belonging to families P1 and P2 in the range of 50-120 K.
Above 120K, the spontaneous emission rate would be
affected by the main carrier loss mechanism of the QWRs,
associated to the thermal escape of carriers out of the QWRs.
On the other hand, the mentioned optimum operation
temperature range would be more difficult to be identified
in QWRs of families P3 and P4 due to an additional non–
radiative mechanism observed even at low temperatures.
IV. CONCLUSIONS
In the present work, we have studied the exciton recom-
bination dynamics of self-assembled InAs QWRs embedded
into a k/2 thick InP layer (the central emission of the QWRs
takes place at around 1450 nm at 12K) deposited onto an
InGaAs sacrificial film, a promising epitaxy for photonic
crystal based devices. Two electron loss mechanisms have
been identified as responsible of the PL quenching at inter-
mediate and high temperatures under both low excitation
power and resonant conditions. The TRPL results gives us
further information about exciton dynamics, which is deter-
mined by excitons localized in QWR size fluctuations at the
lowest temperatures. When increasing the lattice temperature
the radiative exciton lifetime increases according to the
expected thermal equilibrium between free and localized
TABLE II. Best fitting parameters of TRPL measurements to Eq. (3).
Component sL (ns) s0 (ns) EL (meV) ND (lm
1)
P1 1.48 0.7 16.3 76 5
P2 1.59 0.7 12.3 116 8
P3 1.66 0.7 9.3 76 5
P4 1.85 0.6 8.5 26 5
FIG. 4. (Color online) Temperature dependence of the PL decay time for families P1-P4: (a)-(d). Continuous lines stand for direct fits of the experimental data
to the Lomascolo’s Model. In the case of results for PL decay times for families P3-P4, the fit is done on radiative lifetimes. The excitation power in the experi-
ment was kept constant with temperature at 600lW of irradiated power.
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exciton populations. The localization energies obtained here
suggest a major contribution of the wire width fluctuations to
the exciton localization dominating the exciton recombina-
tion at low temperatures. When increasing temperature, free
excitons become important due to the thermal ionization of
localized excitons. As a result, some parameters of the exci-
tonic dynamics in InAs/InP QWRs have been obtained, some
of them key for the application of this system as active
medium in photonic devices working at the telecommunica-
tion windows.
ACKNOWLEDGMENTS
We want to acknowledge financial support from the
Spanish MICINN through Grants: TEC 2005-05781-C03-03,
S-0505-TIC-0191, TEC2008-06756-C03, Consolider-
Ingenio 2010 QOIT (CSD2006-0019), and CAM S2009ESP-
1503. The main author, J.C.-F., thanks also the Spanish MCI
for his FPI grant BES-2006-12300.
1J. A. Prieto, G. Armelles, C. Priester, J. M. Garcia, L. Gonzalez, and
R. Garcia, Appl. Phys. Lett. 76, 2197 (1999); C. Walther, W. Hoerstel,
H. Niehus, J. Erxmeyer, and W. T. Masselink, J. Cryst. Growth 209, 572
(2000); H. R. Gutierrez, M. A. Cotta, and M. M. G. Carvelho, Appl. Phys.
Lett. 79, 3854 (2001); X. D. Mu, Y. J. J. Ding, H. Y. Yang, and G. J.
Salamo, Appl. Phys. Lett. 81, 1107 (2002).
2D. Fuster, L. Gonzalez, Y. Gonzalez, M. Ujue, and J. Martinez-Pastor,
J. Appl. Phys. 98, 033502 (2005).
3J. P. Reithmaier, A. Somers, S. Deubert, R. Schwertberger, W. Kaiser,
A. Forchel, M. Calligaro, P. Resneau, O. Parillaud, S. Bansropun, M.
Krakowski, R. Alizon, D. Hadass, A. Bilenca, H. Dery, V. Mikhelashvili,
G. Eisenstein, M. Gioannini, I. Montrosset, T. Berg, M. van der Poel,
J. Mørk, and B. Tromborg, J. Phys. D 13, 2088 (2005); B. Alen, D. Fuster,
I. Fernandez-Martinez, J. Martinez-Pastor, Y. Gonzalez, F. Briones, and
L. Gonzalez, Nanotechnology 20, 475202 (2009).
4B. Alen, D. Fuster, G. Munoz-Matutano, J. P. Martinez-Pastor, Y.
Gonzalez, J. Canet-Ferrer, and L. Gonzalez, Phys. Rev. Lett. 101, 06745
(2008).
5K. Nozaki, S. Kita, and T. Baba, Opt. Express 15, 7506 (2007); B. Ben
Bakir, C. Seassal, X. Letartre, P. Regreny, M. Gendry, P. Viktorovitch,
M. Zussy, L. Di Cioccio, and J. M. Fedeli, Opt. Express 14, 9269 (2006).
6D. S. Citrin, Phys. Rev. Lett. 23, 3393 (1992).
7H. Akiyama, S. Koshiba, T. Someya, K. Wada, H. Noge, Y. Nakamura, A.
Shimizu, and H. Sakaki, Phys. Rev. Lett. 72, 924 (1994); D. Gershoni, M.
Kaz, W. Wegscheider, L. N. Pfeiffer, R. A. Logan, and K. West, Phys.
Rev. B 50, 8930 (1994).
8A. Feltrin, J. L. Staehli, B. Deveaud, and V. Savona, Phys. Rev. B 69,
233309 (2004).
9D. Fuster, M. U. Gonzalez, L. Gonzalez, Y. Gonzalez, T. Ben, A. Ponce,
and S. Molina, Appl. Phys. Lett. 84, 4723 (2004); D. Fuster, L. Gonzalez,
Y. Gonzalez, J. Martinez-Pastor, T. Ben, A. Ponce, and S. Molina, Eur.
Phys. J. B 40, 433 (2004).
10B. Ale´n, J. Martinez-Pastor, A. Garcia-Cristobal, L. Gonzalez, and J. M.
Garcia, Appl. Phys. Lett. 78, 4025 (2004).
11K. H. Goetz, D. Bimberg, H. Jurgensen, J. Selders, A. V. Solomonov, G.
F. Glinskii, and M. Razeghi, J. Appl. Phys. 54, 4543 (1983).
12D. Fuster, M. Ujue´, L. Gonzalez, Y. Gonzalez, T. Ben, A. Ponce, S.
Molina, and J. Martinez-Pastor, Appl. Phys. Lett. 85, 1424 (2004).
13G. Guillaume, A. Lanacer, R. Leonelli, R. A. Masut, and P. J. Poole, Phys.
Rev. B 81, 235426 (2010).
14J. E. Cunningham, G. Timp, A. M. Chang, T. H. Chiu, W. Jan, E. F. Schu-
bert, and T. Tsung, J. Cryst. Growth 95, 253 (1989).
15D. Fuster, J. Martinez-Pastor, L. Gonzalez, and Y. Gonzalez, Phys. Rev. B
71, 205329 (2005).
16J. Maes, M. Hayne, Y. Sidor, B. Partoens, F. M. Peeters, Y. Gonzalez, L.
Gonzalez, F. Fuster, J. M. Garcia, and V. Moshchalkov, Phys. Rev. B 70,
155311 (2004).
17J. Martinez-Pastor, M. Gurioli, M. Colocci, C. Deparis, B. Chastaingt, and
J. Massies, Phys. Rev. B 46, 2239 (1992).
18G. Bacher, J. Kovac, K. Streubel, H. Schweizer, and F. Scholz, Phys. Rev.
B 45, 9136 (1992); M. V. Marquezini, M. J. Brasil, J. A. Brum, P. Poole,
S. Charbonneau, and C. M. Tamargo, Phys. Rev. B 53, 16524 (1996).
19D. Y. Oberli, M. A. Dupertuis, F. Reinhardt, and E. Kapon, Phys. Rev. B
59 2910 (1999); N. I. Cade, R. Roshan, M. Hauert, A. C. Maciel, J. F.
Ryan, A. Schwarz, T. Scha¨pers, and H. Lu¨th, Phys. Rev. B 70, 195308
(2004); A. Malko, M. H. Baier, E. Pelucchi, D. Y. Oberli, K. Leifer, D.
Chek-al-kar, and E. Kapon, Appl. Phys. Lett. 85, 5715 (2004).
20M. Lomascolo, P. Ciccarese, R. Cingolani, R. Rinaldi, and F. K. Reinhart,
J. Appl. Phys. 83, 302 (1998).
21L. C. Andreani, Confined Electrons and Photons-New Physics and Devices
(Plenum, New York, 1995).
22H. Akiyama, J. Phys: Condens. Matter 10, 3095 (1998).
103502-6 Canet-Ferrer et al. J. Appl. Phys. 110, 103502 (2011)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
161.111.180.191 On: Wed, 15 Oct 2014 13:13:21
